Abstract: Tumor lysis syndrome (TLS) is a potentially life-threatening condition that occurs in oncologic and hematologic patients with large tumor burden, either due to cytotoxic therapy or, less commonly, spontaneously because of massive tumor cell lysis. TLS is clinically characterized by acute renal failure, hyperuricemia, hyperkalemia, hyperphosphatemia, and hypocalcemia. While limited options are available for treating TLS, identifying patients at high risk for developing TLS and prevention in high-risk patients remain an important aspect in the treatment of cancer patients. In general, treatment of TLS consists of intensive hydration, stimulation of diuresis, and, more specifically, in the use of allopurinol and rasburicase. Rasburicase, a recombinant urate oxidase, rapidly and effectively reduces hyperuricemia, which subsequently significantly decreases the risk of acute renal failure and other clinical manifestations of TLS. For this review, a comprehensive literature search using the term "tumor lysis syndrome" and/or "rasburicase" was performed considering articles listed in MEDLINE. Incidence, prevention, and therapy of TLS with a special focus on the role of rasburicase are discussed. We evaluated 120 relevant articles including 35 case reports, 32 clinical trials, and 14 meta-analyses.
Introduction
Over recent decades, substantial advances in the treatment of cancer led to an improvement in patient outcome. Due to significant knowledge about tumor biology, several novel agents are now available for a more targeted therapy. Further, established treatments were continuously optimized. However, therapy-related complications remain a challenge in cancer therapy despite large improvements in supportive care leading to therapy-related mortality being responsible for a high proportion of deaths in cancer patients. 1, 2 Tumor lysis syndrome (TLS) is one of the most common cancer therapy complication related to cancer therapy, first described by Bedrna and Polcák 3 in 1929. TLS is a life-threatening condition with high morbidity and mortality, caused by an abrupt release of intracellular metabolites after tumor cell lysis. This leads to series of metabolic manifestations, especially hyperuricemia, hyperkalemia, hyperphosphatemia, and hypocalcaemia. Besides seizures and cardiac arrhythmias, acute kidney injury (AKI) is the hallmark of TLS, which determines the clinical outcome. The pathophysiologic mechanism of AKI in TLS was first described by Crittenden and Ackerman. 4 They described a formation of uric acid crystals in the renal collecting system in patients with disseminated gastrointestinal carcinoma and AKI.
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Alakel et al among different malignancies, used anticancer therapies, and prophylactic procedures. Explained by the high rate of cell turnover and sensitivity to cytotoxic therapies, the incidence is higher among hematologic malignancies. 5 It is necessary to distinguish between asymptomatic TLS defined by laboratory abnormalities and the symptomatic clinical syndrome, occurring less frequently. In one study, laboratory abnormalities were found in 42% of patients, while clinical TLS occurred in only 6%. 6 In another study investigating children with acute leukemia, asymptomatic TLS occurred in 70% of patients, but clinically significant TLS occurred in only 3% of cases. 7 Other studies reported incidences of clinical TLS of 3%-27% among hematologic patients. [8] [9] [10] Recently, increased incidence of TLS in patients with several forms of solid malignancies including pulmonary, gynecologic, gastrointestinal, neurologic cancers, sarcomas, and other malignancies has been reported. [11] [12] [13] [14] [15] [16] One reason for this is the establishment of targeted therapies with high efficacy in solid tumors. Mirrakhimov et al 17 identified metastatic tumors, decreased renal function, elevated lactate dehydrogenase (LDH), and elevated levels of phosphorus, potassium, and uric acid as potential risk factors for TLS in solid tumors. More recently, increasing incidence of TLS has been reported in the era of highly effective novel anticancer agents like ibrutinib 18, 19 and BCL-2 inhibitors 20 in diseases like chronic lymphocytic leukemia (CLL), historically considered as being at low risk for developing TLS. Hematol et al 21 discussed the incidence of TLS in the era of novel therapy in a detailed review.
As mentioned previously, TLS occurs mainly after conventional chemotherapy. However, corticosteroids, radiation, hormonal agents, or antibodies may also cause a significant TLS. [22] [23] [24] Less frequent, spontaneous TLS can develop prior to initiation of anticancer therapy. 11, 13, 25, 26 Even invasive procedure like biopsies, 16 embolization, 27, 28 and tumor surgery 29 could lead to TLS.
Clinical manifestations and classification
Pathophysiological TLS results from a rapid release of intracellular content after tumor cell lysis, which cannot be compensated by cellular buffering and excretory capacity of the renal tubule. This subsequently leads to a variety of biochemical changes causing different clinical manifestations of TLS. Potassium is mainly intracellularly stored, and excessive tumor cell lysis may lead to hyperkalemia. Hyperkalemia is usually the first and most serious abnormality in TLS. It can cause cardiac arrhythmia and sudden death; therefore, laboratory tests should be repeated. Hyperphosphatemia leads to formation of calcium phosphate complexes that may be precipitated in tissues such as renal tubules. The resulting secondary hypocalcemia may cause hypotension, tetany, and muscular cramps together with hyperkalemia and cardiac arrhythmia. 5, 30 Nucleic acids are metabolized to hypoxanthine, then xanthine, and finally by xanthine oxidase in the liver to uric acid. Increased uric acid levels in serum can induce urate crystallization and precipitation in renal tubules. This, together with precipitation of calcium phosphate complexes, leads to AKI. In addition, increased serum uric acid levels may induce AKI by crystal-independent mechanisms, such as renal vasoconstriction, decrease in endothelial cell nitric oxide, and stimulation of the renin-angiotensin system. 31 The most widely used accepted diagnostic criteria and classification were proposed by Cairo and Bishop. 32 Briefly, TLS can be divided into asymptomatic laboratory TLS (LTLS), and clinical TLS (CTLS). LTLS is defined by at least two or more abnormalities in the serum concentrations of uric acid, potassium, phosphorus, and calcium within 3 days before or 7 days after the initiation of chemotherapy. CTLS is defined by the presence of LTLS accompanied with clinical manifestations of renal failure, seizures, or cardiac arrhythmias, which are not a result of anticancer therapy. Based on the severity of clinical manifestations, CTLS was stratified using a grading system from 0 to 5, with 0 indicating no signs of CTLS and 5 indicating death due to CTLS.
TLS is a potentially life-threatening complication of antineoplastic therapy. Therefore, prevention is a key principle in TLS management during anticancer therapy. Stratifying patients based on the risk of developing TLS is necessary. Cairo et al 33 published in 2010 a recommendation to stratify cancer patients at risk to develop TLS. Patients are stratified into three risk groups depending on patient-related factors (preexisting renal dysfunction and hyperuricemia) and disease-related factors (tumor type, tumor burden [represented by tumor stage, white blood cell counts (WBC), and LDH levels]).
Prevention and treatment
At least twice-daily monitoring of laboratory abnormalities before and during the first 7 days of anticancer therapy is necessary, especially in patients who are at intermediate and high risk for TLS. It could be useful to begin with a prephase of low-intensity therapy in highly chemosensitive cancers with high tumor burden. 34, 35 OncoTargets and Therapy 2017:10 submit your manuscript | www.dovepress.com
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Rasburicase in the prevention of tumor lysis syndrome Hydration, electrolyte abnormalities, and renal replacement therapy
In patients with intermediate and high risk for TLS, vigorous hydration and assessment of fluid balance to keep urinary output .100 mL/h 24 hours before starting chemotherapy and through the duration of treatment are the key to management. Special attention should be paid to elderly patients or those with heart failure. In case of low urine output after achieving an optimal state of hydration, loop diuretics are recommended. Thiazide diuretics that increase uric acid levels and interact with allopurinol should be avoided. Asymptomatic hypocalcaemia should not be treated to avoid increasing calcium phosphate precipitation in the kidneys. Symptomatic hypocalcemia should be treated with calcium gluconate. 5 Hyperkalemia may cause serious cardiac arrhythmias; therefore, potassium should be withheld from hydration fluid. Patients with potassium levels $6 mmol/L should be closely monitored and immediate measures should be taken (infusion of calcium gluconate, therapy with β-adrenergic agonists, and intravenous infusion of insulin and glucose).
Treating hyperphosphatemia is difficult, especially if accompanied by AKI. Oral phosphate binders are less effective, and their oral administration could be difficult in these patients. Significant hyperphosphatemia is treated best with renal replacement therapy.
Renal replacement therapy in TLS should be considered for patients with persistent hyperkalemia despite adequate therapy, severe acidosis, and volume overload unresponsive to diuretic therapy.
Alkalinization of urine
Alkalinization of urine was historically recommended in the management of TLS due to the possibility that it may increase the solubility of uric acid in urine. However, recent increasing evidence suggests that urine alkalinization is associated with increased precipitation of calcium phosphate in the renal tubules, particularly in patients with hyperphosphatemia. Therefore, alkalinization of urine is not recommended in TLS prophylaxis and therapy anymore.
36
Antihyperuricemic therapy
Uric acid levels predict the incidence of TLS and AKI, 37 and hyperuricemia plays a key role in developing AKI. 31 Therefore, monitoring and therapy of hyperuricemia are necessary. Besides hydration, the use of uric acid lowering agent is essential in preventing and treating hyperuricemia. Allopurinol (xanthine oxidase inhibitor) and rasburicase (recombinant urate oxidase) are the most commonly used antihyperuricemic agents.
Allopurinol
Allopurinol is available as oral and intravenous formulations and prevents the conversion of hypoxanthine to xanthine and xanthine to uric acid. The renal clearance of hypoxanthine and xanthine are ten times higher than that of uric acid. Allopurinol has several drug-drug interactions, especially with 6-mercaptoprine, thiazide diuretics, azathioprine, cyclosporine, cyclophosphamide, and amoxicillin. It is necessary to adjust the dose or monitor serum levels of these drugs. The drug should be discontinued in case of skin rash due to the possibility of severe hypersensitivity reactions. Indeed, the dose of allopurinol needs to be adjusted in case of renal insufficiency. Treatment with allopurinol should be started at least 24 hours before initiation of anticancer therapy and should be continued until normalization of uric acid levels and signs of large tumor burden are absent. However, allopurinol cannot reduce the level of preexisting uric acid and causes increases in serum levels of xanthine and hypoxanthine, which may lead to xanthine nephropathy. 38 Therefore, therapy with allopurinol should be restricted in patients at low or intermediate risk for TLS. In case of established TLS, additional treatment options should be considered.
Febuxostat
Febuxostat is a selective xanthine oxidase inhibitor developed in 2004 that is able to effectively reduce uric acid levels. 39, 40 Febuxostat has biliary elimination and needs no dose adjustment in patients with renal impairment. 41 Spina et al 42 performed a randomized, double-blind study comparing febuxostat with allopurinol in hematologic patients at intermediate or high TLS risk: 346 patients were included and received either allopurinol 200-600 mg or febuxostat 120 mg. Compared to allopurinol, febuxostat showed significantly higher reduction in uric acid levels. Interestingly, no difference in TLS incidence between both arms could be observed. Based on this study, the European Medicines Agency (EMA) approved febuxostat for the prevention and treatment of hyperuricemia in patients undergoing chemotherapy. A Japanese group showed noninferiority of lower dose of febuxostat (60 mg/day) compared to allopurinol. 43 Thus, febuxostat represents an attractive alternative to allopurinol in patients with renal insufficiency or hypersensitivity to allopurinol.
Rasburicase
In most mammals, but not in humans, uric acid is oxidized to allantoin using the enzyme urate oxidase. In humans, uric 
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Alakel et al acid is the end product of purine metabolism. Allantoin is ten times more soluble than uric acid and is easily excreted in urine. 44 Obtained from Aspergillus flavus, a nonrecombinant urate oxidase has been available since 1968.
Nonrecombinant urate oxidase was first used in 1975 to prevent and treat hyperuricemia. 45 In several studies, it achieved rapid and significant reduction of uric acid levels compared to allopurinol. 46, 47 However, its use was limited because of its high immunogenicity and high incidence of anaphylaxis.
Rasburicase is a recombinant, highly purified urate oxidase enzyme approved for the prevention and therapy of hyperuricemia in pediatric and adult patients. In 2001, Pui et al 48 were able to show a rapid and sharp reduction of uric acid levels in patients with hematologic malignancies. In many clinical trials, a higher and rapid reduction of uric acid level could be reached using rasburicase compared to allopurinol. 49, 50 In contrast to allopurinol, rasburicase reduces preexisting hyperuricemia quickly and does not lead to xanthine accumulation. Therefore, it is suitable for patients with preexisting hyperuricemia before anticancer therapy, patients at high risk for TLS, or patients with spontaneous TLS. [51] [52] [53] [54] Rasburicase does not accumulate in plasma even after several days of treatment. 47, 48 However, in a small Japanese pediatric study rasburicase accumulated slightly on day 5. It is metabolized by peptide hydrolysis, thus not needing dose adjustment in renal or hepatic dysfunction. 56, 57 Rasburicase has a half-life of 17-21 hours and produces rapid (within 4 hours) and pronounced reductions in plasma uric acid concentrations.
Rasburicase has less drug-drug interaction compared to allopurinol. 56 It is important to note that the drug can continue to work ex vivo in room temperature and therefore lead to falsely low uric acid measurements if the blood is not immediately placed and transported in an ice water bath after collection. The analysis must be performed within 4 hours of collection.
Like all recombinant agents, rasburicase is potentially immunogenic and could cause hypersensitivity reactions; however, it is less immunogenic than nonrecombinant urate oxidase. Antibodies against rasburicase could be isolated in 14% of patients after administration, 48 but the production of these antibodies was not associated with the occurrence of adverse events (AEs) or neutralizing the rasburicase effect. 58 Goldman et al 50 could not find antirasburicase antibodies on day 14 after administration. Similar results were found by Kikuchi et al. 55 Rasburicase is approved by the US Food and Drug Administration (FDA) and EMA for prevention and treatment of hyperuricemia in pediatric and adult patients with solid tumors and hematologic malignancies receiving anticancer therapy. The FDA-approved dosing regimen is 0.15-0.20 mg/kg/day as a single intravenous infusion for 5 days. EMA approved the dosage of 0.20 mg/kg/day given once daily up to 7 days according to uric acid levels and physician choice.
Although the approved dose of rasburicase is 0.15-0.20 mg/kg/day on several days, accumulating evidence shows the feasibility and efficiency of lower doses and/or shorter course of therapy. Vadhan-Raj et al 59 performed a comparison between a single dose of rasburicase versus daily dosing for 5 days. Adult patients with hematologic malignancies were treated either with a single dose of rasburicase (0.15 mg/kg), which could be repeated on a daily basis or with daily dosing for 5 days. The single dose of rasburicase was as effective as the prolonged therapy for most patients. 59 Other trials investigated the efficiency of a single dose of rasburicase regardless of patient's weight. Trifilio et al 60 described the efficiency of 3 mg rasburicase in patients with hematologic malignancies. About 20% needed a second dose of rasburicase. The successful treatment of hyperuricemia was related to baseline uric acid and not to weight-based administration. 60 In a study by Coutsouvelis et al, 61 a 3 mg fixed dose was effective in patients at high risk for TLS. Similar results could be shown in smaller case series. [62] [63] [64] [65] [66] [67] Recently, Patel et al 68 have showed the efficiency of a single fixed dose of 4.5 mg rasburicase in a retrospective study.
A meta-analysis 69 was performed to investigate the effectiveness of a single fixed dose of rasburicase versus the approved dose for 5 days versus allopurinol across ten studies in adult patients at high risk for TLS. This analysis showed noninferiority of a single fixed dose compared to the approved dose over 5 days and was superior to allopurinol. The single fixed dose was effective for both treatment and prophylaxis of hyperuricemia. Other studies compared weight-based dosing, single fixed doses with 3 mg, and single fixed doses. 70 Weight-based dosing and all single fixed doses were comparable in normalizing plasma uric acid levels. However, the use of single fixed doses of 6 mg was more effective in reaching a sustained uric acid level reduction compared to the 3 mg dose. To our knowledge, no data is available for the therapy of established TLS, but fixed single dose can be tried in the context of prophylaxis. 36 Randomized prospective clinical trials are needed to address this 
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Rasburicase in the prevention of tumor lysis syndrome important issue. A summary of selected studies comparing different doses of rasburicase is shown in Table 1 .
The role of hyperuricemia in causing AKI is well known. As previously mentioned, hyperuricemia causes AKI through crystallization and precipitation in renal tubules, in addition to crystal-independent mechanisms. Therefore, reduction of uric acid levels should prevent AKI. There is a case report where an AKI due to sever hyperuricemia in a patient with hemolytic uremic syndrome was successfully treated with rasburicase. 71 To our knowledge, no trial assessed systemically the influence of therapy with rasburicase on mortality in adult patients with TLS. Cheuk et al 72 reviewed seven controlled trials to assess the role of urate oxidase for the prevention or treatment of TLS in pediatric patients. In all trials uric acid levels could be reduced using urate oxidase. However, just three trials could show that a therapy with urate oxidase significantly reduces mortality compared to allopurinol. Eaddy et al 73 showed that patients treated with rasburicase have shorter stays in the intensive care unit compared to allopurinol-treated patients. However, there was no significant reduction in total hospital stay. 73 Other factors may be responsible for AKI in the setting of TLS, and reduction of uric acid levels alone could not be enough to prevent AKI. 74, 75 Rasburicase is generally well tolerated. The most reported AEs are headache, nausea, abdominal pain, mucositis, and mild allergic reactions. 72, 76 The most serious AEs, including hemolytic anemia, methemoglobinemia, and anaphylaxis, were reported in 1% of patients. 72, 76 The risk of anaphylaxis may increase with repeated administration of rasburicase. Allen et al 77 investigated the risk of anaphylaxis after multiple treatment courses of rasburicase: 97 patients who did not develop anaphylaxis during the first rasburicase course were analyzed. Six patients experienced severe anaphylaxis following subsequent treatment with rasburicase, with one fatal outcome. Therefore, attention should be paid to the risk of anaphylaxis in case of subsequent administration of rasburicase, and premedication with antihistamines and corticosteroids may be considered.
Several cases of rasburicase-induced methemoglobinemia are reported in the literature. [78] [79] [80] [81] [82] These cases were described especially in patients with glucose-6-phosphate dehydrogenase (G6PD) deficiency. Hydrogen peroxide, which is a product of uric acid, causes oxidative stress to erythrocytes. In case of G6PD deficiency, erythrocytes are not protected against the oxidation stress, leading to methemoglobin formation and hemolysis. Therefore, rasburicase is contraindicated in patients with G6PD deficiency. A decrease of oxygen saturation besides hemolytic anemia should raise suspicion for methemoglobinemia. It is strongly recommended to screen G6PD deficiency in high-risk patients (male patients from tropical Africa, Middle East, and tropical and subtropical Asia) prior to treatment with rasburicase. As this could be difficult, immediate administration of rasburicase may be necessary. Nguyen and Ness 83 described two cases of hemolytic anemia following treatment with rasburicase without presence of G6PD deficiency. Unfortunately, no specific Using rasburicase to prevent and treat TLS is expensive, which may be the major limitation to its use. However, the cost of prolonged length of stay (LOS), stays in intensive care unit, treatment of AKI, dialysis, and established TLS should be considered. The cost effectiveness of rasburicase was evaluated in different studies, 76, 85 and the results were controversial. A pan-European multicenter evaluation study showed that rasburicase could be cost-effective in the prevention and treatment of TLS in pediatric and adult patients with acute leukemia and non-Hodgkin lymphoma (NHL). 86 Annemans et al 9 showed that rasburicase is cost-effective for prevention of TLS in pediatric patients with acute leukemia and NHL in European countries. Eaddy et al 73 compared the cost of rasburicase and allopurinol for treatment of TLS in pediatric patients. In adult patients, adding allopurinol to rasburicase was associated with higher hospitalization costs and LOS compared with rasburicase monotherapy. 87 Interestingly, rasburicase reduces critical care stays without significant difference in the overall LOS or total cost. Besides its clinical effectiveness, the cost of a single-dose rasburicase is significantly lower than weight-based dosing and could represent an attractive and reasonable alternative to daily administration. 60, 69 Our recommendations for prevention and treatment of TLS are summarized in Table 2 .
Conclusion
TLS is a life-threatening condition that can occur spontaneously, or more commonly follows anticancer therapy. This serious complication may delay or prevent anticancer therapy. In the era of targeted therapy, the incidence and clinical significance of this complication is increasing. Established TLS is associated with high morbidity and mortality even under adequate therapy. Therefore, the most effective therapy is prevention. Recognition of patients at risk for TLS is pivotal. The most widely accepted diagnostic criteria and classification proposed by Cairo and Bishop 32 enable early risk stratification of patients. Allopurinol and rasburicase are known to reduce uric acid levels. Allopurinol has no effect on existing hyperuricemia; thus, it can be preferentially used in patients with low or intermediate risk for TLS. Rasburicase, on the other hand, rapidly reduces existing hyperuricemia. The role of rasburicase in the treatment of established TLS is widely accepted; however, its role in TLS prophylaxis is still controversial. There is clear evidence of its superior efficacy over allopurinol's in reduction of uric acid levels. Nevertheless, limited evidence from randomized controlled trials exists with regard to a reduction of TLS mortality or incidence of AKI with the use of rasburicase. The role of hyperuricemia in developing AKI is well known. Hyperuricemia causes AKI through crystallization and precipitation in renal tubules, in addition to crystal-independent mechanisms. Therefore, reduction of uric acid levels ought to prevent AKI. However, other factors may be responsible for AKI in the 
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Rasburicase in the prevention of tumor lysis syndrome setting of TLS, and reduction of uric acid levels alone may not be enough to prevent AKI. 74, 75 With regard to economic aspects, some authors described its cost efficiency in terms of LOS, intensive care therapy, and dialysis. Increasing evidence suggests the efficiency of a fixed single dose of rasburicase. In conclusion, patients at low or intermediate risk for TLS can be managed with prophylactic allopurinol, but patients at high risk for developing TLS or with established TLS should receive rasburicase.
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